Background. Severe gram-negative bacterial infections and sepsis are major causes of morbidity and mortality. Dysregulated, excessive proinflammatory cytokine expression contributes to the pathogenesis of sepsis. A CD28 mimetic peptide (AB103; previously known as p2TA) that attenuates CD28 signaling and T-helper type 1 cytokine responses was tested for its ability to increase survival in models of polymicrobial infection and gram-negative sepsis.
Severe gram-negative bacterial infections, including sepsis, are a major cause of morbidity and mortality worldwide [1] . Despite the availability of potent antimicrobial agents and advances in supportive care, mortality from sepsis has persisted at >20% [2] . Consequently, there have been concerted efforts to develop agents that can either neutralize bacterial virulence factors and/or enhance host defenses that, in conjunction with antibiotic therapy, may improve the outcome from these infections.
Optimal T-cell responses require not only an interaction between the T-cell receptor (TCR) and major histocompatibility complex class II on antigen-presenting cells (APCs), but also costimulatory signaling through CD28 expressed on the T cell and B-7 coligands (CD80 and CD86) on APCs. We developed a novel, host-oriented therapeutic approach to provide broad protection against grampositive bacteria and their exotoxins in which peptides target CD28, the principal human costimulatory receptor, to prevent the excessive, harmful inflammatory cytokine response underlying infection pathology [3, 4] . AB103 (previously known as p2TA) is an octapeptide derived from the homodimer interface of CD28, which is essential for the induction of many proinflammatory cytokines, that attenuates signaling through CD28 [3] . CD28 also functions as a critical superantigen receptor [3, 4] . AB103/p2TA blocks not only superantigen-mediated lethality in mice, but also lethal group A Streptococcus pyogenes infection [3, 5] . The finding that AB103 attenuates the inflammatory immune response to gram-positive bacterial infection [5] suggested that the peptide might be capable of intervening also with downstream signaling of CD28 in cases of severe bacterial infection that are not directly mediated by superantigens.
Recent evidence indicates that blockade of costimulatory signals, including CD40 and/or CD80/86, might reduce mortality in experimental intra-abdominal sepsis [6] . We therefore tested the ability of this CD28 mimetic peptide to protect mice from lethal experimental sepsis. We now demonstrate that AB103 potently reduces the induction of tumor necrosis factor α (TNF-α) and interleukin 6 (IL-6) by lipopolysaccharide (LPS) in human peripheral blood mononuclear cells (PBMCs) and protects mice from lethality following intraperitoneal LPS or gram-negative bacterial challenges, as well as in the cecal ligation/puncture (CLP) model of polymicrobial sepsis.
METHODS

Reagents
Chemical reagents were obtained from Sigma (St. Louis, MO), unless otherwise stated. The test agent, AB103, is a peptide with the sequence SPMLVAYD that has D-alanine residues abutted to its N-and C-termini for greater protease resistance [3] . A peptide with a randomly scrambled sequence, ASMDYPVL, served as a control [3] . Peptides and vehicle control buffer ( phosphate-buffered saline [PBS]) were provided by Atox Bio. Escherichia coli LPS 0111:B4 obtained from Sigma Aldrich (St. Louis) and from List Biological Laboratories (Campbell, CA) was used for studies involving human PBMCs and mice, respectively. We used E. coli O18:K1:H7, a highly virulent, serum-resistant, clinically isolated gram-negative bacterial isolate for the peritonitis studies [7] .
Animals
Specific-pathogen-free female BALB/c and CD1 outbred mice aged 8-12 weeks were obtained from Charles River Laboratories (Wilmington, MA). All animal studies were approved by the Brown University/Rhode Island Hospital and University of Maryland institutional animal care and use committees (IACUCs) before experiments were initiated. Animals were housed in an IACUC-approved facility under biosafety level 2 safety conditions and were monitored by Brown University/Rhode Island Hospital and University of Maryland veterinary staffs.
Human PBMCs and Cytokine Induction by LPS
PBMCs from healthy human subjects were prepared under a Hebrew University Institutional Review Board-approved protocol described elsewhere [3, 8] and were cultured at 1 × 10 6 cells/ mL in Roswell Park Memorial Institute 1640 medium [3, 8] . Cells were allowed to rest at 37°C in 5% CO 2 for 4 hours. After LPS stimulation of cells in the presence or absence of AB103/p2TA, culture medium was collected at intervals for triplicate evaluation of cytokines by an enzyme-linked immunoassay (ELISA) [3, 8] .
LPS Challenge
CD1 or BALB/c mice were administered 20 mg D-galactosamine (D-galN) intraperitoneally, followed in 2 hours by 0.25 mg/kg E. coli 0111:B4 LPS. AB103 was injected intraperitoneally 30 minutes before LPS.
E. coli Peritonitis
Acute bacterial peritonitis was induced by intraperitoneal challenge of BALB/c mice with E. coli 018:K1 (1 × 10 5 colonyforming units [CFU]), followed by intravenous therapy with either AB103 or saline 4 hours after challenge. The protective ability of AB103 was tested following the induction of E. coli peritonitis in the presence of a suboptimal dose of the antibiotic cefepime (Elan).
CLP Model of Polymicrobial Sepsis
The murine CLP model of polymicrobial sepsis has been detailed elsewhere [9] . Moxifloxacin (Schering) was given either at 5 mg/kg (suboptimal dose) or 20 mg/kg (full therapeutic dose, usually providing approximately 90% survival when given at the time of surgery). Animals that underwent sham surgery were handled in the identical fashion except that, after laparotomy, the exposed cecum was not ligated or punctured. We tested the efficacy of AB103 administered 2, 12, or 24 hours after CLP. Moribund animals (defined as animals that were hypothermic [temperature, <30°C] and unable to maintain normal body posture) were euthanized and scored as lethally infected animals. Another set of mice were euthanized at prespecified periods after CLP and underwent quantitative microbiologic analysis of cytokines and chemokines in blood specimens, peritoneal fluid specimens, and organ tissues (liver, kidneys, and spleen).
Sample Preparation
Twelve or 24 hours after the procedure, mice were euthanized, and splenocytes were obtained by gently grinding splenic tissues between frosted glass slides [10] . Splenocytes were then centrifuged, counted by trypan blue exclusion, and used for analyses.
Blood specimens were collected in heparinized syringes by cardiac puncture, and plasma specimens were obtained by centrifugation. Peritoneal fluid specimens were obtained from mice by lavage and clarified by centrifugation [11] .
Cytokine and Chemokine Levels in Plasma and Tissues
Mouse TNF-α, monocyte chemotactic protein 1 (MCP-1), IL-6, interleukin 10 (IL-10), interleukin 2 (IL-2), interleukin 4, and interferon γ (IFN-γ) levels were determined in plasma or peritoneal fluid specimens, using the cytometric bead array technique (BD Cytometric Bead Array Mouse Inflammation Kit, BD Biosciences). Keratinocyte-derived chemokine (KC), RANTES (regulated upon activation, normal T cell expressed and secreted; R&D Systems, Minneapolis, MN), interleukin 3 (IL-3; BD Biosciences), and interleukin 17A (Biolegend) levels were measured in plasma, peritoneal fluid, or tissue homogenates by ELISA, using monoclonal antibody pairs and mouse cytokine standards [12] .
Macrophages and Phagocytosis Assay
Peritoneal macrophages were harvested as described previously [13] . Adherent macrophages were cocultured with pHrodo BioParticles-conjugated E. coli (Molecular Probes) in PBS at 37°C for 1 hour and then were washed with PBS. Cells were scraped from the plates and analyzed by flow cytometry.
Systemic and Tissue Bacterial Levels
Organs were sterilely excised from euthanized animals, weighed, and minced by agitation in minifuge tubes with glass beads. The resulting suspension was serially diluted in PBS prior to plating on Trypticase soy agar (TSA) plates and McConkey agar. After overnight incubation at 37°C, the number of CFU per milligram of tissue was calculated for each sample. Blood samples (50 or 100 µL) were spread on TSA with 5% sheep blood. One milliliter of PBS was injected into the peritoneum, and peritoneal lavage fluid was harvested and serially diluted in sterile PBS. A 100-µL aliquot of each dilution was spread on a TSA plate, and plates were incubated at 37°C for 24 hours. Colonies were calculated as CFU/mL, for blood samples, or as CFU × 10 4 /mL, for peritoneal lavage samples [13] .
Assessment of Myeloperoxidase (MPO) Activity
MPO activity was determined [14] on homogenized tissues added to the reaction mixture in a 96-well plate. Plates were read at 460 nm every minute for 10 minutes. MPO activity was calculated as A 460 × 13.5/g, where A 460 is the rate of change in absorbance.
Statistical Analysis
For continuous variables, results are presented graphically as mean values ± standard errors of the mean for each group, except for data shown in Figure 1 . Statistical comparisons of mean values for continuous variables were performed using the 2-sided randomization test [15] on the t statistic for unequal variances, with either exact P values (for sample sizes of ≤4) or P values, based on 100 000 random samples from the data. Proportions of mice surviving at the end of an experiment were compared by a 2-sided Fisher exact test; when sample sizes were unequal, the 2-sided P value was calculated as twice the smaller 1-sided P value [16] , since, for unequal sample sizes, the probabilities in the 2 tails are not equal. A P value of ≤ .05 was considered statistically significant. No adjustment was made for multiple comparisons. 
RESULTS
AB103 Attenuates the LPS Response in Human PBMCs
Human PBMCs were treated with increasing doses of AB103 and exposed to LPS to examine whether induction of TNF-α ( Figure 1A ) or IL-6 ( Figure 1B ) was inhibited. Cells treated with LPS alone had a strong TNF-α response, which increased for at least 6 hours after treatment. Treatment of PBMCs with AB103 at the time of LPS stimulation attenuated TNF-α production, roughly in a dose-dependent manner. The TNF-α response declined perceptibly in cells pretreated with a low dose of AB103 (0.1 µg/mL), compared with cells that received only LPS stimulation. Moreover, the level of TNF-α induced in LPS-stimulated cells treated with AB103 at either 1.0 or 10 µg/mL was reduced strongly for the duration of the experiment to levels close to the baseline. A similar pattern of inhibition was observed for IL-6 induction. The action of AB103 was specific. Random scrambling of the amino acid sequence of AB103 fully abrogated its antagonist activity (Supplementary Figure 1A) . Cells treated with AB103 alone, without LPS, did not produce detectable TNF-α (Supplementary Figure 1B) or IL-6 (data not shown), showing that the peptide lacks agonist activity.
AB103 Protects Mice Against LPS Challenge
We next tested the ability of AB103 to reduce LPS-induced lethality in vivo in a D-galN-sensitized CD1 mouse model. At termination, survival of the group treated with 0.6 mg/kg AB103 30 minutes before LPS challenge was 73% (11 of 15), compared with 20% (3 of 15) in the LPS-alone control group (P = .0095), while the group treated with 1.5 mg/kg AB103 had a 60% survival rate (9 of 15 animals; P = .06; Figure 2A ). No significant difference in survival was observed between the control group and either of the 2 groups that received the lowest doses (0.25 and 0.05 mg/kg) of the peptide. The survival rates of the groups that were administered the peptide 1 and 5 hours after LPS challenge were also similar to the LPS-alone control group (data not shown). All 5 mice that received the peptide alone in the absence of LPS survived (data not shown).
The protective effect was not restricted to CD1 mice. BALB/c mice that received a sufficiently high dose of AB103 were also protected against lethal LPS challenge ( Figure 2B ). Over 85% of mice that did not receive the peptide died within 5 days of challenge. Compared with a survival rate of 13% (2 of 15) in the LPS control group, 73% of mice (11 of 15) pretreated with 5 mg/kg (P = .003) and 47% (7 of 15) that received 0.5 mg/kg (P = .11) survived. Five days after challenge, 29% of mice that received 1.25 mg/kg AB103 survived.
AB103 Protects Against E. coli Peritonitis
The ability of AB103 to increase survival of BALB/c mice following infection with replicating bacteria was studied in an E. coli peritonitis model (Figure 3) . A mortality rate of 80% was observed in mice treated, in the absence of AB103, with saline alone or with a suboptimal dose of cefepime. When given a single dose of AB103 intravenously in combination with the same dose of cefepime, 100% of mice (15 of 15) receiving a dose of 5 mg/kg AB103 and 93% of mice (14 of 15) treated with 0.5 mg/kg AB103 survived (P < .001 for both AB103 groups, compared with saline-treated controls; P = .001 and P = .005, respectively for AB103, compared with cefepime). AB103 alone has no bactericidal activity.
Effectiveness of AB103 in the CLP Model of Sepsis
In a first set of CLP experiments, a single dose of AB103 was administered at the time of surgery, without antibiotics, and 16 of 21 animals (76%) survived for the 7-day study period after surgery (data not shown).
Random scrambling of the AB103 peptide sequence abrogates its antagonist activity, as manifested by loss of the ability to block the induction of TNF-α, IFN-γ, and IL-2 genes in human PBMCs by superantigen toxin, to bind superantigen, or to protect mice from lethal superantigen challenge [3] . When a suboptimal dose of moxifloxacin was given at the end of surgery, along with scrambled peptide 2 hours after CLP, only 8% (1 of 12) survived. However, when administered together with 1 dose of AB103, survival increased to 90% (9 of 10) at day 7 (P < .001; Figure 4A ). Thus, a single dose of AB103 administered 2 hours after exposure of mice to polymicrobial infection sufficed to provide a high level of protection.
We next evaluated the duration of time that could pass between CLP and initiation of AB103 treatment that protected mice from infection ( Figure 4B ). When animals subjected to CLP were left untreated, most (83% [5 of 6]) died within 3-6 days. When animals were treated with moxifloxacin alone 12 hours after infection, survival did not change substantially (25% [2 of 8] at 7 days), indicating that addition of antibiotics alone was not beneficial. However, treatment of animals with a combination of antibiotics and AB103 12 hours after CLP resulted in 100% survival (8 of 8 at 7 days; 1-sided P = .003, compared with control mice). If AB103 treatment was delayed to 24 hours after CLP (while antibiotic was still given at 12 hours), the survival rate at 7 days was 63% (5 of 8; 1-sided P = .12, compared with control mice), which was substantially but not significantly higher than survival after treatment with antibiotics alone (1-sided P = .16). These results indicate that under conditions where antibiotic treatment alone is insufficient, AB103 acts synergistically and can improve survival even at late time points in the infection.
AB103 Increases Systemic and Peritoneal Bacterial Clearance Following CLP
Mean levels of bacteria grown from blood specimens, peritoneal fluid specimens, liver, and kidneys obtained 12 and 24 hours after CLP were lower in the groups that received AB103, compared with the control group. In blood, substantial reduction was detected by 12 hours (P = .045; Figure 5A ), but the mean values were closer at 24 hours (P = .085). In peritoneal fluid (Figure 5B ), the reduction was again significant at 12 hours (P = .030) but not at 24 hours (P = .46), even though it was larger in absolute value at 24 hours. In other key organs (ie, the liver [ Figure 5C ] and kidney [ Figure 5D ]), reduction in the bacterial count was significant at 24 hours (P < .05) but not 12 hours after CLP. A trend of increased bacterial clearance was also detected in the spleen (data not shown). Overall, these results indicate that treatment with AB103 is Figure 3 . AB103 protects against lethal Escherichia coli O18:K1 peritonitis. AB103 (0.5 mg/kg or 5 mg/kg) was given intravenously in 0.2 mL with antibiotics (cefepime [Cef ] 5 mg/kg intramuscularly) 4 hours after E. coli challenge. The number of mice/group is given in parentheses. Both AB103-treated groups had a significantly greater survival rate than did mice receiving phosphate-buffered saline control or Cef alone, as indicated by an asterisk. Figure 4 . A single dose of AB103 improves survival after cecal ligation/ puncture (CLP). Delayed administration of AB103 (5 mg/kg intravenously in 0.2 mL) was compared along with scrambled peptide (n = 4)/phosphatebuffered saline (n = 8) controls and sham animals. The number of mice/ group is given in parentheses. Mice treated with AB103 intravenously 2 hours after CLP with a suboptimal dose moxifloxacin (at a 20% effective dose of 5 mg/kg intramuscularly, usually providing approximately 20% survival when given at the time of infection) had significantly higher survival at 7 days than the moxifloxacin plus scrambled peptide control group (P < .001; A). Mice treated with AB103 plus moxifloxacin (20 mg/kg) 12 hours after CLP had significantly higher survival at 7 days than control mice (P = .006; B). An asterisk indicates significantly higher survival than in control mice.
associated with increased clearance of bacteria from the site of infection in the peritoneum and blood, as well as in other organs enriched with macrophages.
AB103 Limited Neutrophil Influx and Reduced KC Levels Following CLP
Recruitment of neutrophils to tissue beds has been proposed to contribute to local tissue injury. CD28-deficient mice exhibit a reduction in neutrophil recruitment into the kidney and improved renal function during endotoxemia [17] . We therefore measured the effect of AB103 on neutrophil recruitment after CLP in the spleen, liver, and kidneys. At both 12 and 24 hours after CLP, treatment with AB103 reduced MPO levels in all tissues, compared with findings for CLP-treated mice ( Figure 6A and 6B). The differences were statistically significant in the spleen at 12 and 24 hours and in the liver at 12 hours.
Additionally, the levels of KC, a murine chemokine homologue of human interleukin 8, a potent neutrophil chemoattractant, were measured at 12 and 24 hours in the spleen, liver, and kidneys. Treatment with AB103 significantly reduced KC levels in the spleen at 12 hours and the liver at 12 and 24 hours but not in the kidneys, compared with findings for CLP-treated control mice ( Figure 6C and 6D ).
Cytokine and Chemokine Levels in Peritoneum and Blood Following CLP
While treatment with AB103 yielded a general reduction in the peritoneum of all but one of the cytokines and chemokines 12 and 24 hours after CLP (MCP-1 at 12 hours was the exception), the differences were significant only for TNF-α at 24 hours and for KC at 12 hours (and nearly so for RANTES at 24 hours and IL-3 at 12 hours), compared with findings for vehicle-treated control mice (Table 1 ). AB103 had no apparent effect on CLP-induced increases in levels of cytokines or chemokines in plasma at either 12 or 24 hours following CLP.
Phagocytosis assays did not detect any important differences between the presence or absence of AB103, nor did AB103 treatment significantly change CD28 expression by peripheral blood and spleen T cells or Gr-1-positive cells, compared with findings for vehicle-treated controls (data not shown). 
DISCUSSION
We have shown that a CD28 mimetic peptide, AB103, designed to attenuate CD28 signaling, is highly effective in animal models of endotoxin-initiated toxicity and of sepsis that included infection with live, replicating, gram-negative bacteria (E. coli) and polymicrobial infection (CLP). We also found that addition of AB103 to PBMCs ex vivo potently reduced the LPS-mediated induction of TNF-α and IL-6 ( Figure 1) . AB103 was protective when given alone (70% survival rate in the CLP model) at the time of infection or as a delayed treatment after infection, with suboptimal doses of antibiotics, achieving 100% protection against E. coli peritonitis and 86% survival in the CLP sepsis model (Figures 3 and 4) . Remarkably, AB103 was still effective even when given up to 12 and 24 hours following CLP (100% and 50% survival, respectively).
AB103 is derived from the homodimer interface of the costimulatory receptor CD28 [3] , which is expressed primarily on CD4 + and CD8 + lymphocytes, the sources of many inflammatory cytokines. Unlike TGN1412, an agonist monoclonal antibody that cross-links the CD28 coreceptor and caused a cytokine storm and organ failure in a phase 1 clinical trial study [18] , AB103 is an antagonist peptide that reduces signaling through CD28 and attenuates the dysregulated cytokine production following superantigen toxin exposure [3] or gram-positive bacterial challenge [5] without triggering a cytokine response by itself in PBMCs. Indeed, even when administered at a dose 125-fold greater than that needed to protect mice from lethal challenge with staphylococcal enterotoxin B, AB103 by itself did not affect the viability of mice [3] . Further, attenuating CD28 signaling [3] with a superantigen mimetic peptide [8, 19] or with AB103 [5] did not abrogate humoral or cell-mediated immune responses. The functional role of the B7-CD28 axis in LPS-mediated toxicity is understood incompletely, but it has become increasingly clear that B7/CD28 costimulation and T cells are important elements in the pathophysiology of septic shock [6] . LPS is a potent adjuvant of the T-helper type 1 (Th1) response that acts indirectly on T cells (clonal expansion, long-term survival, IFN-γ production, and migration to nonlymphoid tissue) [6, 14, 17] , possibly through its ability to induce expression of IL-12 Figure 6 . AB103 reduces neutrophil recruitment as assessed by myeloperoxidase (MPO) enzymatic activity and keratinocyte-derived chemokine (KC) levels in tissues after cecal ligation/puncture (CLP). AB103 significantly reduced MPO activity, compared with vehicle control-treated mice in the spleen, 12 hours (P = .002; A) and 24 hours (P = .029; B) after CLP and in the liver and kidneys 12 hours (P = .004; A) but not 24 hours after CLP. AB103 significantly reduced KC levels in the spleen 12 hours after CLP (P = .017; C) and the liver 12 hours (P = .037; C) and 24 hours (P = .027; D) after CLP but not in the kidney, compared with findings in vehicle-treated mice after CLP. An asterisk indicates statistical significance for CLP + vehicle vs AB103-treated CLP. Mean values ± standard errors of the mean are shown (n = 5-8 mice/group).
family cytokines in APCs through activation of TLRs [6] . However, it is plausible that the primary action of the peptide is to inhibit induction of Th1 cytokines, because a full inhibitory effect of AB103 on TNF-α and IL-6 induction was observed promptly, within hours after exposure of PBMCs to LPS (Figure 1) .
Our results strongly suggest that LPS toxicity is mediated not only by upstream TLR4 signaling, but also by downstream signaling involving the costimulatory receptor CD28. Although the ability of murine T cells to respond directly to LPS is still poorly understood, supporting evidence for involvement of T cells and CD28 in LPS-mediated activity comes from a number of human and murine studies. First, LPS upregulates myeloid costimulatory molecules, such as CD40 and B7 (ie, CD80 and CD86), through a MyD88-independent pathway [6] . These costimulatory molecules then engage T-cell co-receptors such as CD28 and CD154, leading to activation of T cells with proliferation [20] and proinflammatory cytokine production [18] . Second, because T cells express little TLR4, the principal pattern-recognition receptor that recognizes LPS, LPS was not considered to directly stimulate this cellular population. However, activation of naive human CD8 + T cells by TCR stimulation induced surface expression of TLR4 and CD14, which were then able to directly respond to LPS in a TLR4-dependent manner. This was specific to human but not murine CD8 + T cells [21] .
Third, Th1 cell activation during active bacterial infection by microbe-associated molecular patterns, including LPS, does not require T-cell-intrinsic expression of TLR4 [22] . Fourth, directly relevant to the data presented here, an essential role for CD28 in LPS-induced T-cell activation and proliferation in vitro has been described [23] [24] [25] . Fifth, a critical role for CD28 in vivo was demonstrated in LPS-induced acute renal failure, using knockout mice [17] . Sixth, and significantly, CD28 was shown to act as an important mediator in some cases of gram-negative bacterial infections [26, 27] . Attenuation by AB103 peptide of CD28 signaling into the T cell thus can account for its ability to protect animals from gram-negative bacterial infection, as demonstrated here. Whether AB103 acts directly or indirectly on lymphocytes in response to LPS is now under study. Our studies involving the CLP model suggest that survival of AB103-treated mice was, at least in part, due to the functional activities we examined. Treatment with AB103 increased the clearance of bacteria from peritoneum and blood and reduced tissue levels of bacteria in the liver, kidneys, and spleen (Figure 6) . Further, mice treated with the peptide had a trend toward a decreased level of cytokine/chemokine expression (TNF-α, KC, and RANTES), compared with vehicle-treated controls. Reduced neutrophil recruitment in peptide-treated mice may have attenuated tissue injury. We previously reported that AB103 did not impair the mixed lymphocyte reaction in human cells [5] .
In summary, the CD28 homodimer interface mimetic peptide AB103 does not target the pathogen but rather acts to modulate the host immune response, rendering its activity not pathogen specific. This peptide may therefore be used to treat infections from various sources having a substantial inflammatory component. Given its broad range of activity, AB103 merits further investigation as a potential adjunctive therapy for severe bacterial infections.
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